Methylglyoxal (MG), a highly reactive dicarbonyl, interacts with proteins to form advanced glycation end products (AGEs). AGEs include a variety of compounds which were shown to have damaging potential and to accumulate in the course of different conditions such as diabetes mellitus and aging. After confirming collagen as a main target for MG modifications in vivo within the extracellular matrix, we show here that MG-collagen disrupts fibroblast redox homeostasis and induces endoplasmic reticulum (ER) stress and apoptosis. In particular, MG-collagen-induced apoptosis is associated with the activation of the PERK-eIF2α pathway and caspase-12. MG-collagen contributes to altered redox homeostasis by directly generating hydrogen peroxide and oxygenderived free radicals. The induction of ER stress in human fibroblasts was confirmed using collagen extracts isolated from old mice in which MG-derived AGEs were enriched. In conclusion, MG-derived AGEs represent one factor contributing to diminished fibroblast function during aging.
Introduction
In recent decades life expectancy at birth has increased dramatically and as a consequence the number of elderly people is rising [1] . However, with increasing age many physiological alterations occur which lead not only to the development of an aged phenotype but also to enhanced risk for numerous diseases. Therefore, it is essential to understand causal events in the aging process. On a molecular level various hallmarks are reported to explain the aging process [2] . These include mitochondrial dysfunction, loss of proteostasis, cellular senescence, deregulated nutrient-sensing, altered intercellular communication and stem cell exhaustion. Moreover, telomere shortening, genomic instability and epigenetic alterations may contribute to age-related changes. Besides cellular alterations, age-related changes occur in the extracellular matrix (ECM), the non-cellular component of tissues and organs [3] . In general, the ECM provides structural support for cells and is important for a series of biomechanical and biochemical processes. For example, the components of the ECM are necessary for cell division, cell adhesion and cell motility. The most abundant fibrous protein in a multicellular organism is collagen. The collagen family consists of many different collagen types of which collagen type I is the most frequent. During aging several factors affect the ECM and an increase of crosslinked collagen was reported [4, 5] . One major step involved in enhanced collagen cross-linking is the formation of cross-linking products due to non-enzymatic glycation. In addition to products with crosslinking properties, the group of the so-called advanced glycation end products (AGEs) includes further products shown to have damaging potential and to accumulate during aging [6, 7] . One very reactive compound leading directly to the formation of AGEs is methylglyoxal (MG). MG is formed as a by-product in a series of physiological pathways. The most important endogenous source of MG is glycolysis in which MG is generated mainly by the fragmentation of glyceraldehyde-3-phosphate and dihydroxyacetone phosphate [8] . Moreover, MG is an intermediate in the Maillard reaction, initiated by the non-enzymatic reaction of reducing sugars with amino groups of e.g. proteins and also occurring in the human body. MG primarily reacts with arginine or lysine residues to form via Schiff bases irreversible products such as methylglyoxal-lysine dimer, methylglyoxal-derived hydroimidazolones such as MG-H1 (N δ -(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine), argpyrimidine or N ε -(carboxylethyl)lysine [9] [10] [11] [12] [13] [14] . On the one hand, these products may affect the structure and function of proteins. On the other hand, glycated proteins were shown to influence physiological pathways. This may play an important role in the aging process and in age-related complications. Nevertheless, the knowledge about the role of MG-derived AGEs and their associated mechanisms is still limited. Therefore, our aim was to investigate the molecular mechanisms by which an aged, MG-AGE-enriched ECM would affect cellular homeostasis.
Material and methods

Animals
Heart tissue was obtained from C57BL/6J (Charles River Laboratories) mice which were kept at the Institute of Nutrition in Jena, Germany. Mice were housed under controlled environmental conditions (temperature of 22-24°C and 12 h light/dark schedule) and had access to food and water ad libitum. Tails for collagen isolation were obtained from C57BL/6J (The Jackson Laboratory) mice which were kept at the animal facility of the German Institute of Human Nutrition PotsdamRehbruecke (Nuthetal, Germany). Mice were housed under controlled environmental conditions (temperature of 20 ± 2°C and 12 h light/ dark schedule) and had access to food and water ad libitum. Tissues were collected immediately after sacrification from young (≤ 10 weeks), adult (10 months) and old mice (≥ 15 months), snap frozen in liquid nitrogen and stored at −80°C. Animal experiments were performed according to the German animal protection law (TierSchG). Animal experiments were approved by local authorities. Mice were housed and handled in compliance with good animal practice as defined by the national animal welfare body GV-SOLAS (www.gv-solas. de/index.html) and FELASA (www.felasa.eu/guidelines.php).
Tissue decellularization
Decellularization was performed with heart tissue from young, adult and old mice. For similar tissue amounts, organs of 3 young animals were pooled while one organ was used from adult and old mice. Murine heart tissue was homogenized in KCP buffer (150 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 ; pH 7.4) with a Potter-Elvehjem homogenizer (motor-driven) on ice. Tissue homogenates were centrifuged at 45,000g for 1 h at 4°C and supernatants (cytosols) were kept for method validation. To decellularize tissue, pellets were incubated in 1% SDS/ PBS with protease inhibitor cocktail (Roche) at room temperature in an overhead shaker and the solution was changed 2-3 times until the remaining tissue was white and transparent. For validation of the decellularization process, decellularized heart tissue was resuspended in 4× sample buffer (0.25 M Tris (pH 6.8), 8% SDS, 40% glycerol, 0.03% orange G) containing 100 mM DTT (according to [15] ). Additionally, decellularized heart tissues were sonificated. 1 × sample buffer containing 100 mM DTT was added to intermediate fractions of the decellularizations process (homogenates, cytosols). All lysates were boiled for 5 min at 95°C. Protein amounts were determined by dotting 2 μl of the sample on a nitrocellulose membrane (0.45 µm pore size, GE Healthcare Life Sciences) followed by total protein staining (REVERT protein stain, LI-COR Biosciences, 926-11010). Protein amounts were adjusted. The decellularization process was characterized by SDS-PAGE followed by Coomassie staining or immunostaining for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and for collagen type I α1-chain (COL1A1) as a cytosolic and extracellular marker, respectively.
Collagen extraction
For collagen extraction, tail tendons from young and old mice were treated as it was done before by Damodarasamy et al. [16] with some modifications. Tendons were washed in PBS and subsequently rinsed in acetone and 70% iso-propanol for 5 min at RT. Tendons were incubated overnight in 0.05 N acetic acid at 4°C. After homogenization, extracts were incubated for another 3 days at 4°C. To remove undissolved material, collagen extracts were centrifuged (20,000g, 30 min, 4°C). Collagen extracts were adjusted to the hydroxyprolin content (SigmaAldrich, MAK008) and collagen was polymerized by adding 1 part of NaOH to 9 parts of collagen extracts.
Analysis of AGE formation
AGE formation was determined with the dot blot method. In addition, AGE-specific autofluorescence was determined by fluorescence measurements at 370 nm excitation and 440 nm emission with a plate reader (Infinite® M200 Pro, Tecan).
Preparation of MG-modified collagen gels (MG-collagen)
Collagen gels were prepared by adding 1 part of NaOH to 9 parts of acid soluble rat tail collagen type I (Thermo Fisher Scientific, A1048301) to a final concentration of 1 mg/ml. After polymerization at 37°C and 5% CO 2 for 2 h, gels were modified with different concentrations of MG for 2 h using the same conditions. Before cell seeding gels were washed with PBS intensively. As a control (native/unmodified collagen), collagen gels were incubated with PBS and treated as described for MG-collagen.
Cell culture and inhibitions studies
Primary human skin fibroblasts were obtained from foreskin tissue of a 1-year old donor (kind gift of Prof. Scharffetter-Kochanek from the University of Ulm, Germany). Fibroblasts were cultured in DMEM with 10% fetal bovine serum and 1% L-alanyl-L-glutamine under standard cell culture conditions (37°C, 5% CO 2 , 95% humidity). Cell culture reagents were obtained from Merck Millipore/Biochrom AG.
For inhibition studies, cells were harvested and incubated with specific inhibitors 30 min prior to their seeding on collagen gels. For caspase inhibition, fibroblasts were incubated with 20 µM pan caspase inhibitor Z-VAD-FMK, 20 µM caspase-8 inhibitor Z-IETD-FMK, 20 µM caspase-9 inhibitor Z-LEHD-FMK, 20 µM caspase-10 inhibitor Z-AEVD-FMK and 20 µM caspase-12 Z-ATAD-FMK (all purchased from R&D Systems; FMK001, FMKSP01, FMK013). PERK (Protein kinase Rlike kinase) was inhibited using 25 µM of GSK2606414 (Merck Millipore, 516535).
Cell viability
Cell viability was determined with the 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously [17] . Moreover, it was assessed by glycylphenylalanyl-aminofluorocoumarin (GF-AFC) assay. GF-AFC-substrate and assay buffer were obtained from Promega (G608A and G610A) and used as described in the manufacturer's instructions. Fluorescence was measured at 400 nm excitation and 505 nm emission with a plate reader (Infinite® M200 Pro, Tecan).
Caspase activity
Activity of caspase-8, -9 and -3/-7 was measured with the CaspaseGlo® 8, 9 and 3/7 Assays (Promega; G8201, G8211, G8091) according to the manufacturer's instructions. For normalization, fibroblasts cultured on collagen gels were incubated with GF-AFC substrate (cell viability) for 30 min under standard culture conditions before adding Caspase-Glo® Reagent. Fluorescence was measured at 400 nm excitation and 505 nm emission while luminescence was detected with an integration time of 1 s (Infinite® M200 Pro, Tecan).
Western blotting and dot blot analysis
For Western blot analysis, fibroblasts cultured on collagen gels were lysed in 1× sample buffer containing 5% β-mercaptoethanol and lysates were boiled for 5 min at 95°C. According to the molecular weight of the target protein, lysates were loaded on 10, 12 or 15% SDS-polyacrylamide gels. After SDS-PAGE, proteins were transferred onto nitrocellulose membrane (0. 45 
Quantitative real-time PCR
RNA (1-2 μg) was reversely transcribed with random hexamer primers (Sigma-Aldrich, H0268) and Moloney murine leukemia virus reverse transcriptase (Promega, M1701) in a total volume of 25 μl. Realtime PCRs (Mx3005PTM QPCR System, Stratagene) were performed in triplicates with 2 μl of two-to fourfold diluted cDNA in 25 μl reaction mixtures using iQ SYBR® Green Supermix (Bio-Rad Laboratories, 1708882) as fluorescent reporter. The annealing temperature was 60°C for all PCR reactions. PCR products were quantified with the 2 −ΔΔCt method using ribosomal protein L13a (RPL13A) as a housekeeping gene. Primers (Sigma-Aldrich) were designed with PerlPrimer v1.1.14. To be cDNA-specific at least one primer was placed onto an exon/intron boundary. Primers (Sigma-Aldrich) for target genes were: CCAAT-enhancer-binding protein homologous protein (CHOP), forward 5'-gga gct gga agc ctg gta tga g-3' and reverse 5'-act gga atc tgg aga gtg agg g-3'; RPL13A, forward 5'-agc cta caa gaa agt ttg cct atc tg-3' and reverse 5'-tag tgg atc ttg gct ttc tct ttc ct-3'.
Analysis of the cellular redox state
The redox status of cellular PRX was evaluated by immunoblotting of PRX dimers according to Cox et al. [18] . In brief, fibroblasts were washed with alkylation buffer (PBS, 0.1 mM DTPA, 100 mM NEM, 10 µg/ml catalase) and lysed in alkylation buffer containing 0.1% SDS. For subsequent PRX Western blotting, non-reducing SDS-PAGE was performed using 15% SDS-polyacrylamide gels. Western blot analysis was achieved as described using primary rabbit anti-PRX3, mouse anti-PRX2 and mouse anti-GAPDH antibodies.
Measurement of oxidized and reduced glutathione (GSSG, GSH) were conducted with an Agilent 1260 Infinity LC system coupled to an Agilent 6495 triple quadrupole-mass spectrometer (both from Waldbronn, Germany) interfaced with an electrospray ion source operating in the positive ion mode (ESI+). Therefore, cells were cultured on MG-modified and unmodified collagen and after indicated time points, cells were directly lysed with Passive Lysis Buffer (Promega, E1941) including 25 mM NEM. After centrifugation, supernatants were used for LC-MS/MS analysis. For quantification, standard curves for GSSG, GSH-NEM and GSH were included. Concentrations (µM) were converted to nmol/mg protein by dividing by protein concentration. Analyte separation was carried out using an Atlantis T3 (5 µm, 2.1 × 150 mm) guarded with a pre-column of the same material. Water and methanol (VWR, Darmstadt, Germany), both acidified with 0.1% formic acid, were used as eluents. At a flow rate of 0.5 ml/min, the analytes were separated using a gradient starting at 100% eluent A for 5 min, decreasing to 60% until 10 min, hold for 2 min and followed by further increase of eluent A to 100% again with a total run time of 20 min. The following optimized ion source parameters were used: drying gas temperature = 210°C, drying gas flow = 15 L min 
Analysis of free radical and hydrogen peroxide (H 2 O 2 ) production
Unmodified polymerized collagen and collagen modified with 7.5 µmol MG/mg protein were prepared as described. For production of free radicals, electron spin resonance (ESR) measurements were carried out using BMPO as the spin trap. Polymerized collagen was resuspended in PBS containing 50 mM BMPO (Enzo Life Sciences, ALX-430-141) and incubated at RT until measurements were performed at the indicated time points. ESR spectra were recorded with an X-Band Bruker Elexsys-II E500 CW-EPR spectrometer (Bruker Biospin GmbH) and data was analyzed with the corresponding Xepr software. Spectrometer parameters were as follows: center field, 3510G; sweep width, 300G; conversion time, 19.55 ms; modulation amplitude, 3000G; modulation frequency, 100 kHz; microwave power, 25.15 mW; microwave frequency, 9.755811 GHz. To scavenge hydroxyl radicals ( . OH), samples were incubated with 10% DMSO. Moreover, an oxygenreduced environment was established by argon treatment. For quantification of radical production, ESR spectrum was fitted and the area under the curve was determined by double integration of the spectrum. H 2 O 2 production was analyzed with the Amplex Red assay. Polymerized collagen was resuspended in PBS containing 50 µM Amplex® Red Reagent (Thermo Fisher Scientific, A12222) and 2 U/ml Horse Radish Peroxidase (Sigma-Aldrich, P-6782). Collagen gels were incubated for indicated time points at 37°C and 5% CO 2 . After centrifugation, fluorescence of the supernatant was measured at 540 nm excitation and 580 nm emission (Infinite® M200 Pro, Tecan) and H 2 O 2 concentrations were calculated by including standard curves with increasing H 2 O 2 concentrations. For determination of maximal H 2 O 2 flux, kinetic measurements were performed over 16 h. Polymerized collagen was resuspended in PBS containing 50 µM Amplex® Red Reagent and 2 U/ml Horse Radish Peroxidase. Samples were incubated in a black 96-well plate at 37°C and fluorescence was measured at 540 nm excitation and 580 nm emission with an interval time of 10 min. H 2 O 2 concentrations were calculated by including a standard curve with increasing H 2 O 2 concentrations. For maximal H 2 O 2 flux we determined the first derivative of the so obtained curve. The maximum of the first derivative was used as it represents the maximal formation of H 2 O 2 per min. Extracellular H 2 O 2 production was scavenged by adding 1000 U/ml catalase (Sigma, C1345) to fibroblasts 30 min prior to seeding on collagen gels and by preincubation of MG-collagen with 1000 U/ml catalase for 30 min.
Actin filament staining
For actin staining, cells were fixed in 4% formaldehyde and permeabilized with 0.1% Triton X. Cells were incubated with Alexa Fluor® 633 Phalloidin reagent (Thermo Fisher Scientific, A22284) as recommended by the manufacturer's instructions. Subsequently in the dark, cells were washed with PBS and cell nuclei were stained with 5 µg/ml 4',6-diamidino-2-phenylindole (DAPI). Stained cells were imaged with a laser scanning microscope (Zeiss LSM780, Carl Zeiss Microscopy GmbH).
Statistical analysis
The data are presented as Mean ± Standard Deviation (SD). Statistical analyses were performed with GraphPad Prism version 6 (GraphPad Software). Unless otherwise indicated, Student's t-test was performed to analyze differences between two groups. For multiple comparison data was analyzed by one-way ANOVA followed by Dunnett's post hoc test. P-value < 0.05 was considered statistically significant.
Results
Levels of MG-derived AGEs are increased in decellularized heart tissues and collagen extracts from old mice
To investigate the formation of MG-derived AGEs in ECM proteins, heart tissue from young, adult and old mice was decellularized to obtain ECM-enriched material. Fig. 1A shows the validation of the decellularization process. In whole homogenates and cytosolic fractions the cytosolic marker GAPDH was present. However, GAPDH levels were not detected in decellularized tissue. In contrast, extracellular COL1A1 was clearly present in decellularized tissue whereas no sufficient protein levels were detected in total homogenate and cytosol. It should be noted that protein aggregates (see upper part of resolving gel/stacking gel) were observed in whole tissue homogenate and were only recovered in decellularized tissue. Interestingly, these aggregates were mostly detected in adult and old tissue. Subsequently, we analyzed the formation of MG-derived AGEs, namely argpyrimidine and MG-H1, in decellularized, ECM-enriched tissue. We decided to use dot-blots for the analyses as this ensures maximal sample recovery and enables determination of AGE levels in whole samples. Increased levels of both AGEs were found in old compared to young and adult tissue.
In parallel, AGE formation was studied in collagen-enriched extracts isolated from tail tendons of young and old mice (Fig. 1B) . First, the extracts were analyzed by SDS-PAGE and Coomassie staining showing several protein bands at 125 kDa and 260 kDa, characteristic for α-chains and dimeric β-chains of collagen type I, respectively (Fig. 1B, left  panel) . In old collagen extracts, the collagen chains appeared fainter. Moreover, protein aggregates were observed in the stacking gel. Measurement of AGE-specific autofluorescence revealed increased autofluorescence in acid-soluble collagen extracts from old compared to young mice (Fig. 1B, middle panel) . Moreover, levels of argpyrimidine and MG-H1 were twice as high in collagen from old compared to young mice (Fig. 1B, right panel) .
MG-collagen reduces fibroblast viability through apoptosis
After demonstrating that levels of MG-derived AGEs in ECM proteins increase during the aging process, we investigated the role of MGderived AGEs on cell viability. Therefore, collagen type I was polymerized and modified with different concentrations of MG. As shown previously, MG-collagen is characterized by increased AGE-specific autofluorescence and argpyrimidine formation [19] . Cell viability was determined with the MTT assay and GF-AFC assay after 72 h of cell growth ( Fig. 2A and B) . With both assays, reduced viability was detected. The MTT assay revealed that viability of fibroblasts grown on collagen modified with 7.5 and 10 µmol MG/mg protein decreased to about 20-40%. The GF-AFC assay demonstrated that around 30-45% viable fibroblasts remained when growing on collagen modified with 5, 7.5 and 10 µmol MG/mg protein. Under stress conditions, decreased viability is often the result of cell death, especially apoptosis. Thus, we next investigated apoptosis signaling in our model. As collagen modifications with 7.5 µmol MG/mg protein reduced fibroblast viability in both assays, this concentration was used to investigate different apoptosis markers. Here we used an earlier time point of 20 h since apoptosis precedes the loss of cell number.
First, the activity of apoptosis-related effector caspases-3/-7 and the initiator caspases-8 and -9 were measured in primary human fibroblasts after 20 h of cell growth (Fig. 2C) . It was observed that the activity of all caspases was clearly increased in fibroblasts grown on MG-collagen. Additionally, protein levels of BID and PARP were investigated. Both proteins are cleaved during apoptosis [20] [21] [22] . Cleaved BID increases mitochondrial outer membrane permeability and intrinsic apoptosis. Cleavage of PARP causes the inactivation of the DNA repair activity leading to the accumulation of DNA damage. We were able to show reduced protein amount of BID and cleavage of PARP in fibroblast on MG-collagen ( Fig. 2D and E) .
MG-collagen-induced apoptosis is primarily associated with caspase-12 activation
When using a general inhibitor for caspases, it was shown that MGcollagen-induced apoptosis was prevented (Fig. 3A, left panel) . To test which pathway was primarily involved in MG-collagen-induced apoptosis, fibroblasts were incubated with specific inhibitors for caspase-8, -9 and -10 and seeded on MG-collagen. Apoptosis was investigated using PARP cleavage as a late apoptosis marker (Fig. 3A, middle panel) . While caspase-8 and -10 are involved in extrinsic apoptosis, caspase-9 is activated during intrinsic apoptosis [23] . Inhibition of all caspases reduced MG-collagen-induced apoptosis in fibroblasts. Inhibition of caspase-9 decreased the ratio of cleaved PARP to full length PARP to 60%, whereas inhibition of caspase-8 and -10 caused a reduction to about 20%. In addition to caspases associated with intrinsic and extrinsic apoptosis, apoptosis can be mediated by endoplasmic reticulum (ER)-associated caspase-12 [24] . Previous studies revealed that AGEs induce ER stress [25] [26] [27] [28] . As it has been reported that caspase-12 is activated due to ER stress, its role in MG-collagen-induced apoptosis was tested by using a specific inhibitor (Fig. 3A, right panel) . It was shown that PARP cleavage was almost completely avoided suggesting a pivotal role of caspase-12 in MG-collagen-induced apoptosis.
MG-collagen-induced apoptosis is mediated via the PERK-eIF2α pathway
Since the inhibition of caspase-12 resulted in the most clearly reduced apoptosis, the role of ER stress and the unfolded protein response (UPR) was studied in the following. Although it was previously shown that AGEs induce ER stress, the major signaling pathways are still unknown. Therefore, protein levels of IRE1α and phosphorylation of eIF2α were tested after collagen type I was modified with increasing concentrations of MG. As seen in Fig. 3B , IRE1α protein was increased, especially, when using low MG concentrations for collagen modification (1 and 2.5 µmol MG/mg protein). No changes were observed using 7.5 µmol MG/mg protein. In contrast, phosphorylation of eIF2α was increased concentration-dependently with the strongest signal using 5 and 7.5 µmol MG/mg protein. Using the same conditions, the immunoblot for PARP revealed that low concentrations of MG had no detectable effect on PARP cleavage whereas 5 and 7.5 µmol MG/mg protein caused cleavage of PARP after 20 h. PARP cleavage was most pronounced when collagen was modified with 7.5 µmol MG/mg protein and cells were cultured for 20 h. In general, phosphorylation of eIF2α causes an overall decline in protein synthesis [29] . However, some transcription factors are still activated, including activating transcription factor (ATF) 4. One target of ATF4 is pro-apoptotic CHOP [30] . CHOP expression was investigated on mRNA level (Fig. 3C) . A 4-fold increase in CHOP gene expression was observed in fibroblasts grown on collagen modified with 7.5 µmol MG/mg protein. This suggests that CHOP is activated, thus, inducing apoptosis by increasing pro-apoptotic proteins while decreasing anti-apoptotic ones. During ER stress, phosphorylation of eIF2α is regulated via PERK [29, 31] . Therefore, PERK was inhibited with GSK2606414 and PARP cleavage in fibroblasts on collagen gels modified with 7.5 µmol MG/mg protein was studied. As shown in Fig. 3D , the ratio of cleaved PARP to full length PARP was reduced to 20% when PERK was inhibited.
MG-collagen causes disruption of redox homeostasis
So far, we were able to show that collagen modified with MG induces ER stress which under certain concentrations leads to apoptosis via activation of caspase-12 and the PERK-eIF2α pathway. One factor leading to the induction of ER stress is the increased production of reactive oxygen species (ROS) thus disturbing cellular redox status [32, 33] . On one hand, ROS can increase the misfolded protein load in the ER. On the other hand, ROS can cause ER stress through modification and inhibition of proteins that are necessary to maintain ER homeostasis. As AGEs were shown to increase ROS production [34] [35] [36] , we investigated the role of ROS for ER stress and apoptosis in our model. To test this, cellular PRX dimerization was determined. PRXs are primary targets of cellular H 2 O 2 and the reaction of typical 2-Cys PRXs with H 2 O 2 causes the formation of oxidized PRX dimers [18] . In Fig. 4A dimerization of cytosolic PRX2 and mitochondrial PRX3 is shown. PRX2 monomer was hardly detected. PRX dimerization was normalized to GAPDH to reflect changing cellular oxidants amounts. Compared to fibroblasts on unmodified collagen PRX2 dimerization is increased in fibroblasts on MG-collagen. No significant changes were observed for PRX3 dimerization. However, also PRX3 dimers appear to increase in a concentration-dependent manner. Moreover, we measured GSH and GSSG levels in fibroblasts on native collagen and MG-collagen by LC-MS/MS technique (Fig. 4B) . GSH has non-enzymatic free radical scavenging activity and is a co-substrate of glutathione peroxidase and other enzymes involved in ROS clearance [37] . Consequently, GSH becomes oxidized. GSH depletion and/or the increase of GSSG cause a decline in the GSH/GSSG ratio so that the decreased ratio functions as a marker for disturbed redox homeostasis. In this study, we observed a reduction of GSH while GSSG increased when fibroblasts were cultured on collagen modified with MG. Accordingly, fibroblasts on MG-collagen exhibit reduced GSH/GSSG ratios compared to fibroblasts cultured on native collagen. While the ratio on native collagen was around 270, it decreased to around 200 (2.5 µmol MG/mg protein) and 100 (7.5 µmol MG/mg protein) (Fig. 5D ).
Restoration of the redox state prevents MG-collagen-induced stress responses and apoptosis
We demonstrated that MG-collagen disturbs redox homeostasis of primary human fibroblasts. Thus, we next investigated whether treatment with NAC would prevent stress responses and apoptosis. NAC exhibits free radical scavenging properties by increasing intracellular GSH levels but also due to the redox potential of thiols. Fig. 5A shows the influence of NAC treatment on PARP cleavage blunting its cleavage.
Fibroblast growth on MG-collagen not only caused apoptosis but was also associated with the disruption of the actin cytoskeleton as illustrated in Fig. 5B . It should be noted that NAC-treatment recovered the actin cytoskeleton and fibroblast normal morphology. Additionally, NAC treatment decreased phosphorylation of eIF2α, however, compared to fibroblast on unmodified collagen there was still increased eIF2α phosphorylation in fibroblasts on collagen modified with 7.5 µmol MG/mg protein (Fig. 5C ). When NAC-treated fibroblasts were cultured on collagen modified with lower concentration of MG, namely 2.5 µmol MG/mg protein, increased eIF2α phosphorylation was completely reduced to the phosphorylation state in fibroblast on unmodified collagen. LC-MS/MS analysis of GSSG and GSH revealed increased GSH/GSSG ratios in NAC-treated fibroblasts especially by reducing GSSG levels (Fig. 5D ).
MG-collagen produces H 2 O 2 and free radicals
Finally, we investigated the origin of ROS production in our model and demonstrated that MG-collagen itself is generating radicals and H 2 O 2 (Fig. 6) . Increased radical production of MG-collagen was detected by ESR measurements (Fig. 6A) . Radical production was diminished in an oxygen-reduced environment (argon) and especially by scavenging .
OH with DMSO. Comparison of the detected ESR spectrum with ESR parameters of BMPO/
. OH obtained by Zhao et al. [38] confirmed . OH production. However, this also indicated the presence of (a) further unknown radical(s). H 2 O 2 production was tested with the Amplex Red assay and compared to unmodified collagen MG-collagen caused increased production of H 2 O 2 already within 2 h (Fig. 6B) . Within 20 h, we determined H 2 O 2 concentrations of around 0.5 µM for unmodified collagen and around 2.5 µM H 2 O 2 was generated by MGcollagen. To ensure that unincorporated MG does not affect the results, we performed the experiment again after an additional washout with PBS (20 h) obtaining similar H 2 O 2 concentrations (Supplemental Figure  1) . The maximal H 2 O 2 flux of unmodified collagen was estimated to be 2.9 nM/min while a flux of 8.3 nM H 2 O 2 /min was calculated for MGcollagen. The importance of oxidant production by glycated collagen for fibroblast apoptosis was confirmed when scavenging extracellular H 2 O 2 with catalase. As seen in Fig. 6C , preincubation of glycated collagen with catalase and catalase addition to the cell culture medium (both 1000 U/ml) avoided PARP cleavage. Additionally, catalase preincubation reduced phosphorylation of eIF2α (Fig. 6D) .
Aged collagen induces ER stress in primary human fibroblasts
In our experiments described above, we were able to show (i) an increased amount of AGEs in aged tissues and (ii) the induction of ER stress and apoptosis in skin fibroblasts by artificially MG-collagen. This raises the question, whether AGE-modified collagen obtained from aged tissues is also able to induce ER stress and the apoptotic cascade in skin fibroblasts.
To clarify whether ECM from old animals would induce ER stress and apoptosis, collagen extracts from young and old mice were used in further experiments (Fig. 7) . Collagen gels were prepared and primary human fibroblasts were cultured on young and old collagen. IRE1α protein amount and eIF2α phosphorylation were analyzed as ER stress markers. Although the ratios of p-elF2α/elF2α did not dramatically change (Fig. 7A) , the difference of the ratios between 4 h and 24 h indicate increased phosphorylation of eIF2α over time in fibroblasts cultured on old compared to young collagen (Fig. 7A, right panel) . As seen in Fig. 7B , IRE1α protein increased by around 80% in skin fibroblasts grown for 4 h on collagen isolated from old compared to young mice. The protein amount after 24 h was not significantly changed. Also, the caspase-3/-7 activity measurements indicated a tendency towards activation, although the difference is not statistically significant (Fig. 7C ).
Discussion
In addition to the regulation of cell growth and differentiation, the extracellular matrix is essential for maintenance of cell viability [39] . Since decellularized tissue and collagen from old animals were characterized by increased levels of MG-derived AGEs and/or AGE-specific autofluorescence, we generated collagen gels and modified the gels with MG to investigate the effect on fibroblast viability. Decreased cell viability was caused by apoptosis in primary human fibroblasts. While it was shown before that AGE-ECM e.g. CML-collagen or MG-collagen induces apoptosis [25, 40, 41] , the mechanism of the relevant signaling pathways is still elusive.
In our model, an activation of extrinsic caspase-8 and intrinsic caspase-9 was observed when cells were cultured on MG-collagen. There was less protein amount of BID which indicates its cleavage. This may give an explanation for the activation of both pathways. BID becomes cleaved after the activation of extrinsic caspases allowing the cleaved form to translocate to the mitochondria and to interact with mitochondrial surface proteins. This results in mitochondrial outer membrane permeability and finally in intrinsic apoptosis mediated by caspase-9 activation. Inhibition studies revealed that the extrinsic pathway is more important in MG-collagen-induced apoptosis. Our data is in accordance with previous findings showing that caspase-8 activation is involved as the pre-dominant pathway in CML-collagen-induced apoptosis [40, 41] . More interestingly, a pivotal role of caspase-12 in apoptosis signaling was identified in our model. Caspase-12 is localized to the membrane of the ER and becomes activated due to ER stress. As reported by Morishima et al., upon activation, caspase-12 translocates to the cytosol where it cleaves pro-caspase-9, subsequently inducing effector caspase-3 [42] . In parallel with caspase-12 activation, ER stress causes caspase-8 activation which thus results in activation of caspase-9 due to BID processing [43] . Our data support the hypothesis that ER stress triggers both the activation of caspase-12 and caspase-8. In addition, there is experimental evidence that the PERK-eIF2α pathway is one major pathway involved in MG-collagen-induced apoptosis of primary human skin fibroblasts. The PERK-eIF2α pathway is a signaling pathway of the UPR [29] . PERK belongs to the eIF2α kinase subfamily and is located on the ER membrane. The accumulation of unfolded proteins in the ER causes the activation of PERK which further phosphorylates eIF2α at serine 51 [44] . While this phosphorylation causes a general decline in protein synthesis, eIF2α phosphorylation increases the translation of ATF4 which further upregulates most importantly the transcription factor CHOP [30] . When fibroblasts were cultured on MG-collagen increased eIF2α phosphorylation and CHOP gene expression were observed. In addition, PERK inhibition reduced apoptosis significantly. Our findings suggest an activation of the PERK-eIF2α pathway which may either increase pro-apoptotic or decrease anti-apoptotic proteins via CHOP. CHOP was shown to mediate ER stress-induced apoptosis by increasing the expression of genes that encode for pro-apoptotic proteins such as Bcl-2-like protein 11 and p53 upregulated modulator of apoptosis [45, 46] . In contrast, expression of genes encoding for anti-apoptotic proteins including B-cell lymphoma 2 are downregulated by CHOP [47] .
Increased phosphorylation of eIF2α was accompanied by increased IRE1α protein levels in fibroblasts on collagen modified with 1 and 2.5 µmol MG/mg protein. ER stress leads to IRE1α activation which causes its autophosphorylation. It was earlier described that ER stress also increases IRE1α protein levels so that elevated IRE1α protein levels are seen as an ER stress marker [48] . Increased IRE1α protein amount was not associated with apoptosis suggesting that the UPR-induced mechanisms are able to alleviate ER stress and to restore ER homeostasis. For example, IRE1α initiates cytoprotective mechanisms Fig. 4 . MG-collagen and the influence on the cellular redox state. (A.) Western Blots and quantification for PRX2 and PRX3 dimerization in primary skin fibroblasts cultured 2 h on native (C) or MG-modified collagen. PRX dimers were normalized to GAPDH, mean ± SD (n = 3-4). (B.) Changes of GSH and GSSG in primary skin fibroblasts cultured 2 h on native (C) or MG-modified collagen. GSH and GSSG levels detected with LC-MS/MS technique in fibroblasts on native collagen were 10.08 ± 0.47 nmol/mg protein and 0.037 ± 0.00312 nmol/ mg protein, respectively. Control levels were put to 100%; mean ± SD (n = 4).
through UPR downstream signaling. While splicing of XBP1 mRNA converts XBP1 into a potent transcription activator that promotes the transcription of many UPR-related genes, regulated IRE1-dependent decay of mRNA causes the degradation of mRNAs encoding proteins associated with the ER to reduce additional challenges to the ER's protein folding machinery [49] . Increased IRE1α protein in fibroblasts on collagen modified with 7.5 µmol MG/mg protein was not observed. As described above, on the one hand, cells respond to ER stress by inducing translation of certain individual mRNAs such as ATF4 by an upstream open reading frame-dependent mechanism [50] . On the other hand, global translation is repressed. Therefore, we suggest that only under these severe ER stress conditions leading to apoptosis, strong phosphorylation of eIF2α blocks IRE1α protein translation.
We were furthermore able to demonstrate that changes in the cellular redox state are responsible for MG-collagen-induced ER stress and apoptosis. Collagen modified with AGE precursors was already shown to induce intracellular ROS production and ER stress [25] . In this study, fibroblasts treatment with the known ROS scavenger NAC prevented stress responses and apoptosis. As we did not observe higher GSH levels after NAC treatment, we conclude that NAC exhibits its free radical scavenging properties not via GSH synthesis but rather by its direct oxidant scavenging property at extra-and/or intracellular level. OH immediately reacts and modifies biomolecules. For example, it attacks cell membrane lipids initiating further chain reactions and radical production [53] . MG-collagen-generated . OH may be produced from H 2 O 2 due to the presence of redox-active metals. However, the mechanism of oxidant production by MG-collagen requires further investigations. Interestingly, previous investigations also detected free radical production during glycation reactions of MG and amino acids. Besides the generation of superoxide, formation of MG radical anion and crosslinked radical cation was reported [54] . In addition, protein-radicals were documented from MG-modified albumin [55] . As scavenging of extracellular H 2 O 2 with catalase also decreased apoptosis and ER stress response in our model, we suggest that oxidants generated by MGcollagen primarily contributed to stress responses and apoptosis. It has As a control (C) untreated fibroblasts were seeded on native collagen; mean ± SD (n = 6). (B.) Representative images of fibroblast morphology and visualization of actin filaments (Alexa Fluor® 633 Phalloidin (red)) in primary skin fibroblasts cultured for 20 h on native collagen (C) and collagen modified with 7.5 µmol MG/mg protein (7.5 MG). In addition, cells were pretreated with 2.5 mM NAC and cultured on MG-collagen (7.5 MG+NAC). Cell nuclei were stained with DAPI (blue). (C.) Western Blots and quantification of eIF2α phosphorylation in untreated (2.5 MG, 7.5 MG) and NAC-treated (2.5 MG+NAC, 7.5 MG+NAC) primary skin fibroblasts cultured on collagen modified with 2.5 and 7.5 µmol MG/mg protein. As a control (C) untreated fibroblasts were cultured on native collagen; mean ± SD (n = 3-5). (D.) GSH/GSSG ratio in untreated and NAC-treated primary skin fibroblasts cultured for 2 h on native collagen (C) and collagen modified with 2.5 and 7.5 µmol MG/mg protein (2.5 MG, 7.5 MG). GSH and GSSG levels detected with LC-MS/MS technique in untreated fibroblasts on native collagen were 10.08 ± 0.47 nmol/mg protein and 0.037 ± 0.00312 nmol/mg protein, respectively. 6.75 ± 0.52 nmol GSH/mg protein and 0.008 ± 0.00003 nmol GSSG/mg protein were detected in NAC-treated fibroblasts on native collagen. For differences between untreated and NAC-treated two-way ANOVA with Sidak post hoc test was performed; mean ± SD (n = 4). been shown that chronic H 2 O 2 exposure increases the apoptotic response of primary rat alveolar type II cells in a time-and dose-dependent manner [56] . In particular, they found that already a flux of 0.1 µM/h induced by glucose/glucose oxidase caused DNA fragmentation. This is comparable with our observed concentrations. Further studies reported that cells treated with low doses of H 2 O 2 (3-50 µM) induce ER stress and/or apoptosis [57] [58] [59] .
Using collagen extracts isolated from young and old mice we further investigated whether physiologically relevant concentrations of MGderived AGEs are associated with ER stress and apoptosis. In general, the aging process is characterized by a decline in functional properties of cells, tissues and whole organs. Concerning the ER, studies demonstrated that the protective response of the UPR decreases while proapoptotic signaling is intensified [60] [61] [62] . For example, it was reported that basal eIF2α phosphorylation is decreased whereas CHOP is elevated with age. It is suggested that these alterations make old cells more prone to ER stress. As demonstrated by Li and Holbrook, aging is associated with lowered ER stress resistance [63] . When primary hepatocytes from young and old rats were compared in respect to ER stress sensitivity, cells from aged rats showed increased phosphorylation of eIF2α as well as increased CHOP expression in response to ER stress inducers. In this study, we observed that in addition to the decreased ER stress tolerance in aging a constant exposure to an ER stress-inducing environment occurs. In vivo aged collagen activated the UPR as detected by increased IRE1α protein and phosphorylation of eIF2α. Thus, an in vivo aged microenvironment is per se able to induce ER stress. In vivo aged collagen was characterized by higher levels of argpyrimidine and MG-H1. Since an induction of ER stress with MG-collagen was clearly demonstrated, we suggest that increased levels of AGEs contributed to ER stress. Apoptotic signals were also detected in fibroblasts cultured on aged collagen. Therefore, it is possible that the exposure to further stress stimuli would exceed the level of stress tolerance finally accelerating apoptosis progression. Altogether, the results of the study support the hypothesis that an MG-AGE-enriched ECM accelerates the aging process at least partly by the induction of ER stress and apoptosis. ) Western Blots and quantification of eIF2α phosphorylation in untreated (MG) and catalase-treated (MG+Cat) primary skin fibroblasts cultured for 20 h on MG-collagen. As a control (C) untreated fibroblasts were seeded on native collagen; mean ± SD (n = 3).
